We have calibrated four major ground-based photometric systems with respect to the Hubble Space Telescope (HST ) absolute flux scale, which is defined by Vega and four fundamental DA white dwarfs. These photometric systems include the Johnson-Kron-Cousins UBVRI, the Strömgren uvby filters, the Two Micron All Sky Survey JHK s , and the Sloan Digital Sky Survey ugriz filters. Synthetic magnitudes are calculated from model white dwarf spectra folded through the published filter response functions; these magnitudes in turn are absolutely calibrated with respect to the HST flux scale. Effective zero-magnitude fluxes and zero-point offsets of each system are determined. In order to verify the external observational consistency, as well as to demonstrate the applicability of these definitions, the synthetic magnitudes are compared with the respective observed magnitudes of larger sets of DA white dwarfs that have well-determined effective temperatures and surface gravities and span a wide range in both of these parameters.
INTRODUCTION
Absolute astrophysical fluxes are important in a number of circumstances. In stellar astronomy, absolute fluxes represent a fundamental link between the predicted fluxes of model stellar atmospheres and the distances and radii of stars. These fluxes are also the basis for establishing such primary quantitative relations as that of the solar luminosity to observed stellar luminosities. The growth of the importance of space-based observations in the IR, UV, far-UV, extreme-UV (EUV), and other bands well outside the optical provides another important application for absolute stellar fluxes. The photometric calibration of these wavelength ranges and the need to unambiguously relate observations in one band to other nonoverlapping bands on the same physical scale depends directly on accurate absolute fluxes. The most important and widely used realization of this objective is now the Hubble Space Telescope (HST ) flux scale, established by R. Bohlin and collaborators. This scale, which formally extends from 1200 8 in the UV to 8000 8 in the red, is discussed below in more detail. Finally, it has recently become evident that efforts to probe the properties of the cosmological dark energy and the evolution of the universe through observations of distant Type Ia supernovae will ultimately require the establishment of very accurate absolute and relative photometric scales that extend well into the near-IR and whose linearity is securely established at magnitudes much fainter than those in common use today.
Stellar photometric systems are generally defined in terms of various combinations of detector and filter response functions, together with observations of sets of standard stars. Intercomparisons of the observed magnitudes and colors in one photometric system with those of another are traditionally made by observing a number of stars in both systems and specified by empirical color-dependent transformation equations. The photometric zero points, or the equivalent monochromatic absolute fluxes in particular passbands, are usually indirectly related back to the fundamental stellar standard star, Vega. For example, the zero point of the Johnson V band is often quoted as the monochromatic flux of Vega at some wavelength near the centroid of the V passband. One frequently used definition of such a flux normalization is that of a hypothetical V ¼ 0 mag, Vega-like A0 V star at the top of the Earth's atmosphere with a monochromatic flux at 5500 8 of 3:66 ; 10 À9 ergs cm À2 s À1 8 À1 (Mégessier 1995) . Many alternate and subtly different definitions are possible, but all ultimately relate back to Vega and to several careful, independent determinations of the absolute spectrophotometry of Vega made in the 1970s. These determinations of the fundamental Vega flux are compared and reviewed by Hayes (1985) .
Simple, relatively unambiguous definitions of the flux corresponding to observed magnitudes in various photometric bands have a number of advantages. First is the ability to relate the flux in one photometric system to that in another without recourse to a host of empirical photometric transformations. Second, use of a single photometric scale allows easy computation of the corresponding absolute fluxes in different bands. These fluxes in turn possess a known relation to independent photometric or spectrophotometric fluxes at other wavelengths. For example, optical fluxes of a source can be directly compared with its flux at wavelengths from the EUV to the near-IR or beyond. Third, in cases for which reliable stellar model atmospheres exist, as they do for DA (pure-hydrogen) white dwarfs, it is possible to compute synthetic magnitudes and colors at an accuracy supported by the models, which we demonstrate can approach 1% in most instances.
DA white dwarfs have a number of properties that make them excellent candidates for use as flux standards ( Holberg 1982; Holberg et al. 1991 ). First, it is possible, over wide ranges of temperature and gravity, to calculate model atmospheres that have repeatedly been shown to accurately represent both the continuum flux distributions and the detailed line profiles of these stars. A primary reason for this is that these stars (at least for those with T eff in excess of 14,000 K) have fully radiative, pure-hydrogen photospheres whose opacity sources can be calculated to high precision. Thus, the model atmospheres of these stars can be completely specified by only an effective temperature (T eff ) and a surface gravity (log g), together with an appropriate monochromatic flux normalization. Moreover, these two photospheric parameters can be determined to considerable precision by a detailed spectroscopic analysis of the Balmer line profiles in a process that is effectively independent of any relative or absolute photometry. (See Liebert et al. [2005] for an excellent discussion of the current state of the analysis of Balmer lines in DA white dwarfs.)
In addition to their intrinsic properties, DA white dwarfs possess a number of other attributes that also make them ideal calibration standards. These include photometric stability, generally low levels of interstellar reddening, and (for the hotter DA stars) energy distributions that can usefully be used from the EUV to the near-IR bands. One further property, which we make extensive use of, is that these stars cover a wide range of T eff and log g. As a result, their energy distributions exhibit strong wavelength dependencies, particularly at wavelengths shortward of their peak flux peaks. This permits a test of synthetic photometry for stars having markedly different energy distributions and wide ranges of color.
Not all DA white dwarfs meet these criteria or are ideally suited to be standard stars. Some important caveats include the possibility of unresolved low-mass companions, relatively high levels of heavy-element abundance in some of the hotter DA stars, low levels of photometric variability at T eff between 11,000 and 12,500 K (the ZZ Ceti stars), and, in rare cases, possible circumstellar material. In addition, there is also the possibility of photospheric He enrichment in cool DA stars below 10,000 K, where He would not be directly evident in spectra. In most instances, however, these situations are easily recognized, and such stars can be either avoided or used with caution.
The basic strategy we follow in this paper is to first use Vega and the four fundamental HST white dwarfs (or the subset of these stars for which observed photometry exists) to define a set of self-consistent photometric zero points for the UBVRI, Strömgren, Two Micron All Sky Survey (2MASS), and Sloan Digital Sky Survey (SDSS) photometric systems. These procedures, which rely directly on the absolutely calibrated stellar fluxes of the HST calibration standard stars, are described in x 2. In x 3 we make use of an extensive grid of synthetic photometry, derived from stellar model atmospheres and calibrated with respect to the HST photometric scale. This synthetic grid is systematically applied to larger sets of DA white dwarfs that have a wide range of well-defined spectroscopic T eff and log g values and that have been photometrically observed in each of the above systems. Observed À computed (O À C ) magnitude differences in each band are calculated, and mean offsets between synthetic and real photometry are determined. In x 4 we compare our results with those obtained by previous investigators and demonstrate applications of synthetic photometry.
THE HST FLUX SCALE
The widely used absolute photometric calibration of the instruments onboard HST (Bohlin 2000; Bohlin et al. 1995 ) is based primarily on the model atmosphere fluxes from four hot DA (pure-hydrogen) white dwarfs: G191-B2B (WD 0501+527), GD 153 (WD 1254+223), GD 71 (WD 0549+158), and to a limited extent HZ 43 (WD 1314+293). The spectral fluxes of these stars are in turn linked to the absolute flux of Vega through normalization to Landolt's carefully measured V magnitudes (see Bohlin 2000; Bohlin & Gilliland 2004 , hereafter BG04) and constitute a self-consistent, absolutely calibrated scale encompassing wavelengths from the optical to the UV near Lyman . Solar analog stars extend this calibration into the IR (Bohlin et al. 2001) . Recently, Bohlin & Gilliland (2004) have obtained spectrophotometry of Vega from 1700 8 to 1.01 m with the Space Telescope Imaging Spectrograph (STIS), thus directly establishing a singleinstrument observational link between Vega, the primary astronomical flux standard, and the HST white dwarf standards, which are some 13 mag fainter. Using the Landolt V magnitudes for the HST standard white dwarfs and the V-band filter of Cohen et al. (2003a) , BG04 have also established a new V magnitude for Vega of V ¼ þ0:026 AE 0:008. The absolute flux normalization for Vega on this scale is a monochromatic flux of 3:46 ; 10 À9 ergs cm À2 s À1 8 À1 AE 0.7% at 5556 8 from Mégessier (1995) . BG04 further establish that Vega and the HST white dwarf standards are on the same relative photometric scale, such that the mutual flux distributions and observed magnitudes of Vega and the white dwarfs now agree with one another to within 1% between 5000 and 8000 8. Furthermore, the absolute photometric calibration of this scale is believed to be accurate to 1% after taking into account the uncertainty in the V magnitude of Vega and the uncertainty of the absolute monochromatic flux of Vega. In this section we verify this aspect of BG04 in the V band and demonstrate that it extends to the other Johnson-Kron-Cousins UBVRI filters.
Following BG04, we use the Landolt (1992a Landolt ( , 1992b JohnsonKron-Cousins Cerro Tololo Inter-American Observatory filter response functions, as modified for atmospheric transmission by Cohen et al. (2003a) , and directly compute the synthetic UBVRI magnitudes for both Vega and the four primary HST flux standards. For these stars we compute the filter-weighted integrated fluxes,
where f (k) is the tabulated absolute flux of Vega in ergs cm À2 s À1 8 À1 defined by BG04 and S(k) is the relative response of each filter as given by Cohen et al. (2003a) . The integration is over the filter bandpass in wavelength (in angstroms) and the integrated fluxes F s (in ergs cm À2 s À1 ) are then used to compute synthetic magnitudes in each band as follows:
where M S and C S are the synthetic magnitudes and numerical flux constants for each band S, respectively. The numerical flux constants are defined such that the synthetic magnitudes match the observed Vega magnitudes in each band. Equation (1) uses a photon flux scale to define integrated fluxes, magnitudes, and filter constants. As pointed out by Bessel et al. (1998, hereafter BCP98) and Maíz Apellániz (2005, hereafter MA05), this definition is most appropriate to photon-counting devices such as photomultiplier tubes and CCD detectors. Alternately, it is possible to use an energy scale by replacing the k dk with dk in the numerator and denominator of equation (1). In order to maintain continuity with the prior white dwarf synthetic photometry of Bergeron et al. (1995, hereafter BWB95) , we also compute the corresponding energy scale constants. In Table 1 we list, for each band, the adopted observed Vega magnitudes and respective references and the resulting integrated fluxes and flux constants for both the photon (cols. Table 1 are corresponding calculations for the Strömgren and 2MASS filters, which are described in more detail in xx 2.1 and 2.2. In general, throughout this paper we work directly with magnitudes and avoid the explicit use of colors. The primary reason for this is that it simplifies the comparison of the synthetic photometry with observations and the determination of the various photometric zero points. Another compelling reason is that two very large and deep photometric surveys, 2MASS and the SDSS, now follow the practice of directly reporting observed magnitudes and uncertainties. While in principle it is a simple matter to convert magnitudes and zero points to colors and to mathematically propagate the uncertainties, the reverse, however, is not always possible; i.e., recovering magnitude uncertainties from color uncertainties is often ambiguous.
A convenient way to confirm the consistency of the HST flux scale is to directly compare the synthetic and observed magnitudes for the four previously mentioned HST reference white dwarfs using the computations described in equations (1) and (2) together with the Vega flux constants. In Table 2 we list our adopted UBVRI magnitudes and reference spectra. The observed magnitudes are primarily from published and unpublished Landolt observations. In the cases of HZ 43 and G191-B2B, we have used the revised V magnitudes given in Bohlin (2000) . In addition, for HZ 43, which has a nearby dM3.5e companion, observed R and I magnitudes are not available.
In Table 3 we give the O À C magnitude differences for each filter and each white dwarf. The computed magnitudes are based on the STScI CALSPEC reference spectra of each star listed in Table 2 and the Vega filter constants from Table 1 . As is evident, there is excellent general agreement between the BVRI magnitudes for each star. The mean residuals of these filters are within the photometric uncertainties and are not statistically significant. In particular, the small mean difference between the observed and computed V-band magnitudes (À0.0055) is of the same order as the 1 magnitude uncertainties of the four DAwhite dwarfs given in Bohlin (2000) and is smaller than the +0.008 V-band magnitude uncertainty for Vega quoted in BG04. For consistency with the results of BG04, we therefore adopt ÁV ¼ 0:0. In the case of the U band, the clear ($8%) discrepancy between observed and calculated is due to the fact that the defined flux and the filter response do not accurately represent the atmospheric cutoff, which effectively describes a real star observed at a real telescope. Table 3 indicates that the consistent agreement demonstrated for V magnitudes by BG04 persists at a similar level between the observed magnitudes of Vega and the four DAwhite dwarfs for all bands from the B band at 4300 8 to the R band at 8000 8.
Strömgren Photometry
A considerable amount of narrowband Strömgren uvby photometry of white dwarfs was obtained in the 1970s and 1980s. However, only two of the primary HST calibration standards, GD 71 and GD 153, have published Strömgren photometry. Of these stars, only GD 153 has multiple independent observations and the full complement of uvby observations (see Table 4 ). We directly compare the Strömgren magnitudes of these two stars and determine the corresponding photometric differences in Table 5 . In computing our synthetic Strömgren photometry we follow BWB95 and use the uby filters given by Olsen (1974) and the v filter given by Kodaira (1975) . Unlike the UVBRI photometry, considerable differences are apparent between the results for GD 71 and GD 153, as shown in Table 5 . However, it should be References.
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2MASS Photometry
The 2MASS Point Source Catalog (PSC) contains JHK s photometry of over 500 million sources and includes all of the four HST primary standard white dwarfs. In the case of HZ 43, however, the results are totally contaminated by the presence of the dM3.5e companion and are not used. The 2MASS magnitudes and uncertainties are shown in Table 6 .
As with our UBVRI results, we compute the JHK s magnitudes for the three fundamental white dwarfs that have useful fluxes. In doing this we use the 2MASS filters, including atmospheric transmission, defined by Cohen et al. (2003b) and adopt the JHK s Vega magnitudes (see BCP98) and the Vega flux constants from Table 1 . The results of these calculations are summarized in Table 7 as O À C magnitude differences for each star, along with the weighted means for each filter. Again, the agreement is reasonably good, to within a few percent. However, the result for the K s band is dominated by the relatively large residual for GD 71. It is important to note that our use of Vega as a fundamental JHK s standard relies on the BG04 extrapolation of the observed Vega flux beyond 8500 8, which is based on the use of a specific Kurucz model atmosphere at these longer wavelengths. Any changes to this model atmosphere will therefore be directly reflected in our synthetic photometry in these bands.
Sloan Digital Sky Survey Photometry
The SDSS is an ongoing photometric and spectroscopic survey of some 9000 deg 2 , primarily in the northern hemisphere ( York et al. 2000) . The photometric observations with the 2.4 m survey telescope, located at the Apache Point Observatory, are conducted in the ugriz filter system (Fukugita et al. 1996) . Although Vega and the four fundamental HST standards are too bright to be observed in the primary SDSS survey, three of the white dwarfs, GD 71, GD 153, and G191-B2B, have been observed with the 0.5 m Apache Point photometric telescope (PT), which is used to photometrically calibrate the secondary patches of the SDSS survey. The PT magnitudes of these three stars, kindly supplied by S. Kent & D. Tucker (2005, private communication) , are used to establish the photometric zero points of the five SDSS bands. In doing this we have used the 2.4 m survey filter-response functions from the SDSS Web site, 3 which are believed to closely approximate those of the main 2.4 m survey telescope.
The SDSS magnitude system (Fukugita et al. 1996 ) is defined in terms of AB magnitudes at a frequency (in hertz),
where f is the flux in ergs cm À2 s À1 Hz À1 and S is the total system response including atmospheric transmission corresponding to an air mass of 1.3 and mirror reflectance, as well as the detector quantum efficiency. We will use this definition of SDSS magnitudes.
AB magnitudes are a defined photometric system that relies only indirectly on Vega, so that AB ¼ V , near 5480 8 (Oke & Gunn 1983) . In this system there are no explicit filter constants of the type determined in Table 1 . Nevertheless, there are photometric zero-point offsets that have to be established with respect to standard stars. Effective Vega AB magnitudes are calculated from the ugriz filter functions and the BG04 Vega fluxes. In Table 8 we have computed these AB magnitudes for Vega using equation (3). Similar calculations are possible for GD 71, GD 153, and G191-B2B and provide a direct link to the observed magnitudes and uncertainties for these three stars given in Table 9 . The corresponding ugriz-band O À C magnitude differences are provided in Table 10 , along with the weighted means and the uncertainty of the means for each filter. The observed and calculated magnitudes appear to agree to less than 1% in all filters, with the exception of u. Our O À C difference in u of +0.032 mag corresponds closely with the known zero-point offset of the SDSS u band of +0.04 with respect to the AB flux scale. Moreover, our residuals in the other bands are within the quoted 0.01 mag uncertainty for the observed SDSS bands. 
EXTERNAL VERIFICATION
In the previous section we considered only the relationship of the four photometric systems to Vega and the four fundamental HST white dwarfs, where magnitudes were computed (C) directly from the CALSPEC files at STScI. In this section we shift from the HST standards to the use of our grid of synthetic (S) photometry based on DA model atmospheres and examine the photometry of a wider range of DA white dwarfs. The four HST white dwarfs are all relatively hot DA white dwarfs with temperatures between 33,000 and 60,000 K and thus have similar energy distributions. One way to explore the application of the HST photometric calibrations to a greater range of temperatures and gravities is to consider larger sets of independent DAwhite dwarfs. These sets all contain stars for which there are well-established spectroscopic T eff and log g values, as well as V magnitudes from the literature. In cases for which multiple independent determinations of these parameters exist, we have used weighted means to establish a unique value for each parameter. For example, the star EG 102 ( WD 1337+705) has four independent spectroscopic published determinations of its T eff and log g, which we have combined to single values of T eA ¼ 20;464 K and log g ¼ 7:90, and four magnitude determinations with a mean V ¼ 12:770. These parameters are used to interpolate within our synthetic photometric grid to specify the synthetic magnitudes in each band of each white dwarf. The use of these larger sets of DA stars permits a robust external verification of our grid of synthetic DA photometry on stars spanning nearly a decade in effective temperature and gravity. It should be noted that our use of synthetic photometry based on T eff and log g also effectively removes the need for color terms when comparing results between different photometric systems.
Models and Methods
Our synthetic photometry is an extension of the results of BWB95 and the models used by Liebert et al. (2005) . Briefly, this grid is built from our own LTE model atmosphere code (see Bergeron et al. 1992 and references therein)-which includes convective energy transport and hydrogen molecular opacityup to an effective temperature at which NLTE effects are still negligible and the atmospheres are completely radiative. Above this temperature, we then switch to the TLUSTY and SYNSPEC packages to deal with NLTE effects present at higher temperatures. As discussed in detail by Liebert et al. (2005) , we needed to ensure that at the branching point both model atmosphere codes yielded similar atmospheric structures and model spectra. To verify this, I. Hubeny (2001, private communication) kindly calculated for us LTE and NLTE pure-hydrogen models and spectra for T eA > 20; 000 K using TLUSTY and SYNSPEC. After some differences between the LTE TLUSTY code and our own LTE code were understood and resolved, the LTE synthetic spectra obtained from both codes agreed to better than 1% in T eff and 0.02 dex in log g from T eA ¼ 20;000 to 90,000 K. Thus, the effective temperature at which the two model grids were matched was set at 20,000 K, where the convective flux is zero and where the LTE approximation holds. The NLTE switch in TLUSTY was then turned on to calculate model spectra above T eA ¼ 20; 000 K, while our own LTE code was used to calculate cooler (convective) models. We thus end up with a homogeneous model grid that consistently includes NLTE effects, as well as convective energy transport and molecular opacity. The full grid contains 342 models, with five levels of gravity from 7.0 to 9.5 in 0.5 dex steps and 57 temperatures ranging from 1500 to 100,000 K, including detailed line profiles for the H i Balmer, Paschen, and Brackett lines. We estimate the model-related uncertainties to be less than 1%.
We use these models to compute a photometric grid 5 following a procedure similar to that described in BWB95. The filters used to define the various photometric bands are identical to those used and described in x 2. In addition to our improved models, we have also modified the relations that define the absolute magnitudes given in BWB95. For example, the absolute magnitudes are no longer tied to the Sun but are calculated directly from the observed white dwarf fluxes predicted at the top of the Earth's atmosphere f obs (k) as follows:
where H k is the white dwarf Eddington flux, R is the radius of the white dwarf defined by the Wood (1995) and Fontaine et al. (2001) mass-radius relations, and D is a stellar distance of 10 pc. The corresponding V magnitude, for example, is then computed from the V-band integrated flux (eq.
[2]) and the V-band filter constant from Table 1 . In terms of the Eddington flux and the white dwarf radius, the absolute V magnitude M v becomes
Other quantities contained in the photometric grid include the bolometric luminosity M bol , the bolometric correction BC, and the cooling age. The bolometric luminosity and bolometric correction are calculated as follows from the white dwarf luminosity L:
where is the Stefan-Boltzmann constant,
where M V ; ¼ þ4:75 and L ¼ 3:826 ; 10 31 ergs s À1 (Allen 1973) . The cooling ages, in years, are calculated using the evolutionary models described above. In Figure 1 we illustrate the differences between the M v values and those of BWB95 in terms of the M v versus V À I color-magnitude relations for DA stars.
There are three main differences between our calculations and those of BWB95. First, we make use here of the HST spectrum for Vega, while BWB95 relied on model fluxes from Castelli & Kurucz (1994) in the optical regions; the largest difference is for the U filter, which is 0.24 mag brighter in our revised calculations. Second, in BWB95 we assumed that each magnitude and color index for Vega were identical to zero, while here we use the measured values given in Table 1 ; this has a negligible effect in color-color diagrams but does affect the theoretical absolute V magnitude. Third, for the UBVRI and JHK s filters we make use here of the Cohen and 2MASS filter sets, respectively, while in BWB95 we relied on the Johnson-Cousins UBVRI transmission functions from Bessell (1990) and those of the Johnson-Glass JHK system from Bessell & Brett (1988) . In what follows, we distinguish between the computed (C ) photometry of individual stars discussed in x 2 and the application of our grid of synthetic (S ) photometry. We will use the term O À S to refer to the differences between our observed and synthetic photometry.
UBRI Comparison
We have identified a set of 34 DA white dwarfs that possess a full complement of high-quality UBVRI photometry, the bulk of which comes from Landolt (1992a Landolt ( , 1992b and Bergeron et al. (2001) . Each of these stars also possesses a well-determined spectroscopic temperature and gravity, and its synthetic V magnitude has been normalized to the observed mean V magnitude of each star. The range of effective temperatures extends from 5100 to 61,000 K, and the mean photometric distance for this set of stars is 27 pc. The observed UBRI magnitudes have not been corrected for the mean offset magnitudes determined in Table 3 . In Table 11 we show our adopted T eff , log g, and V obs values along with the O À S residuals and photometric references for each star. Also shown are the simple mean and weighted mean residuals for the sample as well as the standard deviation of the sample. As is evident, the weighted mean UBRI residuals in each band (except U ) are reassuringly small, below 0.01 mag. The standard deviations for each band are also low, 0.02-0.03 mag, about what is expected from the observational uncertainties alone.
It should be pointed out, however, that for cool DA stars (T eA < 10;000 K ) spectroscopic gravities have an inherent uncertainty due to the possible presence of photospheric helium, which possesses no spectroscopic signature at these temperatures. This can lead to an overestimation of log g. We have investigated possible photometric biases associated with He in cool DA stars by separately computing O À S means for cool DAs in Tables 11 and 12 . With the possible exception of the I-band (ÁI cool ¼ þ0:0380) and the u-band Strömgren filter (Áu cool ¼ þ0:0193), we find no significant differences between cool and hot DA stars.
As noted in x 3.1, our synthetic photometry grid differs in a number of respects from the results of BWB95. In Figure 2 we illustrate the nature of these differences with respect to the U À B versus B À V color-color diagram. In Figure 2 the dark curve represents the prior colors for log g ¼ 8:0 from BWB95. It should be noted that the U band in this plot is calculated from the modified U-band filter of MA05 (see discussion in x 4.1) and not the Cohen U-band filter.
Strömgren Comparison
We compare the observed Strömgren uvby magnitudes for a set of 37 DA stars that cover a broad range of effective temperatures, from 7000 to 55,000 K at a mean photometric distance of 37 pc. Strömgren photometry is generally reported as y, b À y, 
. Consequently, the v band, which straddles the H line, is not always available for all stars. In most instances we have, for the sake of reliability, selected stars that have two or more independent (and consistent) observations made by different observers and averaged the observed colors before determining the magnitudes. GD 71 (WD 0549+158), one of two HST standards, is the only exception, since it possesses just a single published result (Wegner 1983) . We have also not used the u À b colors of Green et al. (1986) , since these show strong differences with other observers.
In Table 12 we show our adopted T eff , log g, and y obs values along with the O À S residuals for each star and each band and the references for the Strömgren photometry. Also shown are the simple means and the standard deviations of the sample. As is evident, the mean the uvb residuals in each band are modest, approximately À0.01. The standard deviations are somewhat larger than for the UBVRI photometry. This reflects the more heterogeneous nature and lower accuracy of the Strömgren photometry.
It is generally assumed that y obs ¼ V obs . Indeed, V obs and not y obs is often what is reported in conjunction with Strömgren colors. However, this is not the case for white dwarfs, where y obs is given. We have normalized our synthetic magnitudes to y obs , so any offset in y obs will be reflected in the residuals of the other bands. The O À C value for y in Table 5 was found to be +0.009, a result that is not statistically significant given the uncertainty in y obs for a single star (GD 153). The equivalence between V obs and y obs can be investigated further, since we possess V obs and y obs for 18 DA stars in common between Tables 11 and 12. The mean difference (V obs À y obs ) for these 18 stars is +0:0124 AE 0:007. If we adopt this as the zero-point offset for y obs , the mean values of Áu, Áv, and Áb become À0.0019, À0.0013, and À0.0014, respectively. We therefore adopt the relation between V obs and y obs as being V obs ¼ y obs þ 0:0124.
2MASS Comparison
We have recovered the observed 2MASS magnitudes and associated uncertainties for a set of 175 DA stars from the 2MASS PSC. Efforts were made to exclude stars for which unresolved low-luminosity companions had been previously noted, as well as those with known magnetic fields, since our model grid does not incorporate magnetic fields. We also required good determinations of the V magnitude of each star. This sample included Bergeron et al. 1997; (7) Bessell 1990. stars with T eff values of 4200-93,000 K and log g values from 7.0 to 9.1. The mean photometric distance of this set of stars is 60 pc. Synthetic JHK s magnitudes, normalized to the observed V-band residuals, were then computed for each star and used to determine the corresponding O À S residual magnitudes. An examination of the distribution of O À S magnitudes as a function of stellar effective temperature for each band showed no dependence of the residuals on T eff , which could, for example, arise from model bias. In Figure 3 we plot the distribution of JHK s residuals. Ideally, this distribution should have a zero mean and a width that reflects the joint uncertainties in the input spectroscopic parameters and the observational uncertainties in the PSC. In order to minimize the effect of unrecognized low-luminosity companions the centroid of the frequency distribution in each band was determined by fitting a Gaussian distribution. The small tail of negative outliers in each band may well represent stars with previously unknown very late M-or L-type companions (see Holberg & Margargal 2005) .
Note that the number of stars is not the same for each filter. This is due to the fact that we used only stars whose 2MASS flux uncertainties met the greater than 10 uncertainty threshold of the 2MASS PSC. This criterion effectively limited the number of H and K s determinations. In Table 13 we give the number of stars in each filter, the sample means, along with the uncertainties of the mean, the Gaussian centroids, and the full width at halfmaximum (FWHM ). A complete listing of the 2MASS photometry and the adopted T eff and log g values are given in the online version of the table.
SDSS Comparison
In order to facilitate a comparison of SDSS magnitudes with the HST photometric scale, we have identified two sets of DA white dwarfs obtained from the DR4 SkyServer 6 online database. The primary reason for two comparison sets is that the number of stars with reliable V-band fluxes is limited, and the uncertainties of most V-band magnitudes are several times larger than those of the SDSS photometry. Consequently, we first investigate any Kawka et al. 2002; (8) Graham 1972; (9) Green 1977; (10) McCook & Sion (1999) .
offsets between V-band and g-band photometry and then separately compare the remaining SDSS bands with respect to the g band.
The first set consists of 107 DA stars that have well-established spectroscopic T eff and log g estimates, with the added constraint of well-determined V magnitudes. This set is used to make an initial evaluation of the observed and synthetic g-band magnitudes as follows. An apparent synthetic g-band magnitude is estimated for each star from the relation g ¼ V À (M v À M g ), where M v and M g are the synthetic absolute magnitudes interpolated from within our photometric grid and V is the observed V magnitude. This effectively normalizes the g band to the HST photometric scale through the observed V magnitudes of each star. In Figure 4 we show the O À S frequency distribution of the g-band residuals and a Gaussian fit to this distribution. As is evident in Figure 4 , there is a small but significant offset between the observed and synthetic g-band magnitudes. The zero offset, as determined from the centroid of the Gaussian, is found to be À0:0204 AE 0:0038 mag. This is significantly larger than the weighted mean of the O À C differences for g of À0:0023 AE 0:0040, obtained from the three HST standard stars in x 2.3 (Table 10 ), but is in better agreement with the simple mean of À0.0163. The former value is dominated by the small statistical uncertainty for G191-B2B, while the latter is primarily a result of the large O À C value for GD 153. Our interpretation of the difference between our synthetic O À S offset between V and g is that some of it may well arise from our definition of M v coupled with the nominal 1% uncertainty in the SDSS g-band zero point. Nevertheless, the O À C values for g could well be biased by the observed g-band fluxes for either GD 153 or G191-B2B or both. We therefore adopt the latter (HST ) estimate of the g-band offset of À0.0023. The FWHM of the distribution is 0.09 mag, the bulk of which comes from V-band uncertainties, which are estimated at $0.03 mag per star. A complete listing of the SDSS photometry and the adopted T eff and log g values are given in the online version of Table 14 . Notes.- Table 13 We have identified a second, larger set of 175 previous known DA stars from the SDSS DR4 through the use of precise coordinates from the White Dwarf Database.
7 As before, unresolved binaries and magnetic stars were avoided. The ugriz point-spread function magnitudes and associated uncertainties were obtained from SkyServer. We included lower magnitude limits, since several of our stars saturate in the g band at around g $ 13:55 (V $ 13:7). For several additional stars there were obvious but unexplained flux deficits that exceeded a magnitude in isolated bands; these stars were also excluded. The synthetic uriz magnitudes were self-normalized using the observed g-band flux in the computation of the O À S flux differences computed for the uriz-band magnitudes. The frequency distributions of the differential magnitudes in each band are plotted in Figure 5 and summarized in Table 14 . As before, we have determined the magnitude offsets in each band from the centroids of the Gaussian fits to the frequency distributions of the residuals.
It should be emphasized here that our sample of SDSS white dwarfs is based primarily on bright white dwarfs that have been the subject of prior spectroscopic study. Consequently, this sample is relatively nearby (the mean distance is 140 pc) and not subject to significant interstellar reddening. A similar calculation of residuals, based on the subsample of the 70 stars closer than 70 pc, showed no significant differences from the results for the entire sample. The bulk of all white dwarfs contained in the SDSS are much fainter and more distant, and the resulting magnitudes and colors will contain significant reddening. Therefore, any use of our synthetic photometry on this fainter sample needs to include appropriate reddening corrections. In Figure 6 we illustrate the u À g versus g À r color-color diagram for the stars in Table 14 with respect to our synthetic grid.
DISCUSSION AND CONCLUSIONS
In Table 15 we present our adopted differential magnitude corrections for each of the photometric bands discussed in this paper. The differential magnitudes for the UBVRI and JHK s bands are based on our adoption of ÁV ¼ 0:0 and the weighted means of Table 11 and the centroids of Table 13 , respectively. For the Strömgren bands we have included the V obs À y obs ¼ þ0:0124 offset of our means (x 3.3) from Table 12 . For the SDSS bands we adopt Ág ¼ À0:0023 and the centroids from Table 14 . The sense of all these differential corrections (ÁM ) is
These differential corrections have been applied to the monochromatic absolute fluxes in Table 15 . For the purposes of comparison with previous results, the adapted wavelengths in Table 15 were chosen to correspond to the isophototal wavelengths for the UBVRI and JHK s bands defined in Cohen et al. (2003a Cohen et al. ( , 2003b , respectively. The corresponding Cohen et al. isophototal fluxes (including Cohen's zero-point corrections for the JHK s bands) are also shown in Table 15 . In the case of the Strömgren bands, we have used the wavelength centroids and monochromatic fluxes of Gray (1998) .
Comparison with Previous Results
The most relevant independent results that compare with our UBVRIJHK s bands are from Cohen et al. (2003a Cohen et al. ( , 2003b . With respect to the Cohen absolute fluxes, the largest difference occurs in the U band, where our flux is 7% lower. The BVR bands agree very well, to within 0.5%. Our IJHK s bands, however, are Notes.- Table 14 In contrast to our agreement with Cohen et al. (2003a Cohen et al. ( , 2003b , we find considerable differences with respect to the recent photometric calibration of the UBVRIJHK s bands by BCP98. In comparing our results with BCP98, we compute the zero-magnitude fluxes using the same set of effective wavelengths as BCP98. Our U-band flux is 28% lower than that of BCP98, while the remaining bands are 3%-9% higher than BCP98.
Our Strömgren-band results are compared with those of Gray (1998) . The respective relative differences for uvby are À6%, À29%, +2.9%, and À0.8%. The extremely large differences for the v band can be attributed to the fact that this filter spans the H line, which in white dwarfs can be quite large. Our v-band calibration for Vega and GD 153 are consistent to within 9%, and our external comparison of 35 DA white dwarfs is good to better than 1%, indicating that our synthetic v-band photometry is a valid representation of the observed photometry for these stars.
MA05 has conducted an analysis similar in many respects to that presented here, in that synthetic and observed photometry are compared for several different photometric systems. Points in common between our work and that of MA05 include detailed examinations of the Johnson UBV and Strömgren systems, together with the BG04 Vega flux distribution, to define the absolute calibration of the various systems. Major points of difference involve our exclusive reliance on DA white dwarfs as opposed to the predominant use of bright luminous stars observed with STIS by MA05. In particular, we use model atmosphere-based spectral energy distributions defined by spectroscopically derived effective temperatures and gravities versus MA05's use of bright luminous stars, albeit on the uniform HST flux scale. In addition, we work primarily with magnitudes, while MA05 focus on colors and the determination of color zero points, and we use an energy scale as opposed to the systemic use of the photon scale by MA05. Nevertheless, several important conclusions common to both works are evident. These are that high-quality HST spectrophotometry can be used to consistently calibrate various photometric systems and that published photometric response curves adequately represent the results of ground-based photometry, with small zero-point offsets. The Johnson U band, however, is a prominent exception and requires either a large zero-point offset or a redefinition of the blue side of the filter functions that limits the short-wavelength response of these filters. MA05 adopted the latter point of view and defined a U-band filter with a modified short-wavelength response. We have used this filter and find that a computation of the mean U-band offsets for the four HST standard stars yields an offset of 0.0 compared to the +0.106 we obtained with an unmodified Cohen U-band filter.
Applications
As an example of the type of calculations possible with synthetic fluxes of the type we have described here, we show in Figure 7 a comparison of the V À g versus B À V relation of Rodgers et al. (2006) 8 between the Johnson and SDSS systems. In Figure 7 the dashed lines show the empirical linear relation (and 1 uncertainties) derived by Rodgers et al. from observations of main-sequence stars. The solid lines show our synthetic photometry (with the offsets given in Table 15 ) for DA stars with gravities of log g ¼ 7:0, 7.5, 8.0, 8.5, and 9.0. The general agreement is quite good considering the two different types of stars and data sources involved. The major differences can be attributed to the gravity dependence of the white dwarf colors in the region B À V < þ0:3. Many similar photometric relations can be easily generated from our grid of synthetic photometry.
Conclusions
Using DA white dwarfs, we have calibrated four major photometric systems with respect to the HST absolute flux scale. These systems include the Johnson-Kron-Cousins UBVRI, the Strömgren uvby, the 2MASS JHK s , and the SDSS ugriz filters. Photometric constants are computed directly from Vega for the UBVRIJHK s and uvby filters (Table 1) . These constants are shown to produce good agreement between observed and computed photometry for these bands with respect to the four HST fundamental white dwarf standards. This establishes the photometric linearity of this system for bands outside V. A grid of synthetic photometry for DA white dwarfs, based on these photometric constants, is presented. This grid is systematically compared to observations for large samples of DA white dwarfs, where spectroscopic T eff and log g values are known. Good agreement between synthetic and observed magnitudes is demonstrated for all but the shortest wavelength bands, U, Strömgren u, and SDSS u, where atmospheric extinction plays a dominant role. Finally, zeromagnitude offsets and zero-magnitude monochromatic fluxes for each band are determined and compared with prior results (Table 15) . Our results are in good agreement with those of Cohen et al. (2003a Cohen et al. ( , 2003b , MA05, and Fitzpatrick & Massa (2005) , where similar techniques have been applied to luminous stars.
For the SDSS bands, which have defined magnitudes, we have determined the magnitudes of Vega and three of the four HST fundamental white dwarf standards. A grid of synthetic photometry is introduced for the ugriz bands and directly compared Cohen et al. [2003a Cohen et al. [ , 2003b ).
References.
- (1) with the observed results for 175 DA white dwarfs observed in this system. Good agreement is found (except for u), and zeropoint offsets are determined (Table 15) .
There are several ways to view the differential corrections given in Table 15 . They could be viewed as corrections necessary to bring synthetic magnitudes (and colors) into agreement with the observed magnitudes. Alternately, they could be regarded as corrections necessary to place observed magnitudes onto the HST flux scale. A third way to view these corrections is that they establish a set of self-consistent zero-point fluxes for each band on the HST flux scale. Basically, they are a set of simple relations that link the HST flux scale, synthetic DA white dwarf fluxes, and observed magnitudes. Strictly speaking, these relations apply only to DA white dwarfs and the particular filter sets discussed here. Following procedures similar to those described in this paper, similar (and hopefully not too different) relations can be developed for other blue stars such as DB ( helium-rich) white dwarfs, hot subdwarfs, and O, B, and A stars, as well as other filter sets. Much, however, will depend on the fidelity of the stellar models and the filter functions.
Large optical and near-IR surveys are now, or will shortly be, routinely producing large amounts of deep, homogeneous, highquality photometric data of wide areas of the sky. These surveys include established programs such as 2MASS and SDSS, as well as imminent programs such as the UKIRT Infrared Deep Sky Survey, Pan-STARRS, and the Southern Sky Survey and future programs like the Large Synoptic Survey Telescope survey. It will therefore be possible to calibrate high-fidelity multibandpass databases on enormous numbers of stellar, as well as nonstellar, objects. For well-defined classes of stars, accurate synthetic photometry can complement such observations to photometrically identify various targets, as well as to extract photometric effective temperatures, gravities, etc. Interstellar reddening is also a potential problem for more distant objects; however, there is no reason that standard reddening-correction techniques cannot be applied.
